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Porous silicon sPSid layers have been anodically etched under polarized illumination, and the degree
of linear polarization of their photoluminescence (PL) was measured. The etching conditions were
chosen such that the resulting PSi layers were thin enough for interference fringes to appear in their
PL spectra. Experimental results show a sinusoidal variation in the degree of linear polarization as
a function of the emission photon energy. The amplitude and phase of the sinusoidal variation
depend largely on the polarization direction of the excitation light. These observations give strong
evidence that there is a significant in-plane anisotropy of the refractive indices for these PSi
samples. Values ranging from 0.1% to 0.67% have been obtained for the magnitude
of the birefringence. The maximum refractive index is obtained when the excitation-light
polarization direction is perpendicular to that of the polarized illumination used during etching.
This can be explained by assuming that the polarized photoelectrochemical etching causes the Si
structures to be thinner in the polarization direction. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1784613]I. INTRODUCTION
The observations of an efficient visible-light emission1
and a large band-gap widening2 in porous silicon sPSid have
triggered numerous fundamental and applied studies on this
material.3–6 PSi layers are made by anodically etching Si
wafers in HF solutions. The residual Si skeletons in these
layers include nanosize Si crystallites that are thought to be
responsible for the unique optical properties of PSi.7–10
Light-emitting devices have been fabricated based on this
material,11–14 and efficiencies greater than 1% have been
achieved.15 Because the optical properties of PSi are strongly
correlated with its spongy structure, a variety of samples
with different properties can be obtained simply by changing
the anodization parameters. For example, highly reflective
dielectric mirrors composed of alternating high and low in-
dex layers can be made by modulating the etching current
density.16–19 Also, tuning of the emission photon energy is
possible over a wide range of the visible spectrum by adjust-
ing the photochemical etching conditions.20–22
The micro/nanostructure of PSi is not perfectly random.
In fact, normal PSi layers formed on (100) wafers often ex-
hibit a positive optical anisotropy with the optic axis in the
direction perpendicular to the sample surface.23–25 It is ob-
served that these PSi layers show anisotropic photolumines-
cence (PL) upon excitation from their cleaved edges, exhib-
iting a higher degree of linear polarization when the
excitation light is polarized in the direction of the optic
adis.26 These observations can be explained by the fact that
the Si micro/nanocrystallites in normal PSi layers on (100)
wafers are preferentially interconnected in the direction per-
pendicular to the sample surface. In the case of PSi layers
formed on (110) wafers, however, there is an in-plane bire-
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light polarized in the [001] direction.27,28 The PL in these
samples is also anisotropic, and it shows the higher and
lower degrees of the linear polarization under the conditions
of Eexci f001g and Eexc’ f001g, respectively,28 where Eexc is
the vector electric field of the excitation light. The PSi layers
with an in-plane birefringence are promising materials for
Si-based polarizing optics, such as wave plates28 and di-
chroic reflectors.30
It has been reported that similar anisotropic PL can be
observed in PSi layers formed on (100) wafers, provided that
the electrochemical etching is performed under a linearly po-
larized illumination.29,31–34 In this case, the largest degree of
linear polarization is observed under the condition of either
Eexc’Eetch or EexciEetch, depending on the etching
parameters.33,34 Here, Eetch is the vector electric field of the
polarized illumination. Hereafter, we restrict attention to the
latter type of samples, because these samples show a larger
anisotropy while preserving the better surface qualities than
those of the former type.33,34 Anisotropic PSi layers of this
category are formed if the samples are etched photoelectro-
chemically rather than photochemically.33,34
The advantage of this polarized-illumination technique is
that optical anisotropy is formed in a direction that is deter-
mined by the direction of Eetch. It is possible, therefore, to
induce anisotropy in any direction on the substrate by adjust-
ing the direction of Eetch. This method is of practical impor-
tance because it can potentially be used to make anisotropic
PSi layers in a polycrystalline or an amorphous Si matrix. To
date, however, no experimental data has been reported on the
refractive indices of PSi layers prepared by this method. In
this article, we give experimental evidence that the
polarized-illumination technique actually induces significant
in-plane index anisotropy in PSi layers. It is further shown
© 2004 American Institute of Physics
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dicular to that of the largest degree of linear polarization in
PL. The latter observation is discussed on the basis of the
microscopic model for the polarized photoelectrochemical
etching originally presented in our previous article.33
II. EXPERIMENT
Single-crystal Si wafers of p-type, (100), and
0.01–0.02 V cm were anodically etched in solutions of
55% HF:C2H5OH=1:3 at current densities of
5–30 mA/cm2 for 10–30 min. During etching, the Si wafers
were illuminated with linearly polarized light. The light
source was a 150-W halogen lamp (Mejiro Precision
PHL-150) equipped with a fiber-bundle light guide, a heat-
absorbing filter, and a collimating lens. Linear polarization
was obtained by using a film polarizer. The orientation of the
polarizer was adjusted so that the direction of Eetch was par-
allel to the [011] axes of the samples. As reported
previously,33,34 however, the optical anisotropy can be in-
duced in any direction parallel to the sample surface by
changing the direction of Eetch. We also used a long-
wavelength-pass filter with a cut-off wavelength of 660 nm
to minimize the deteriorative effects of the short-wavelength
illumination.35
For the purpose of comparative studies, we prepared
several other samples under the same conditions as described
previously, except that for these samples, the polarized-
illumination treatment was carried out for the same period
after the electrochemical etching. This polarized photo-
chemical etching, unlike the polarized photoelectrochemical
etching described previously, resulted in no detectable PL
anisotropy for the fabrication conditions employed here. As
reported previously,33,34 prolonged photochemical etching re-
sulted in another type of PL anisotropy, where a maximum
degree of linear polarization was observed when Eexc was
perpendicular to Eetch.
After rinsing with ethanol, all the samples prepared were
then slightly oxidized electrochemically20 at a current den-
sity of 2.3 mA/cm2 for 10.5–18.5 min in 0.1 M H2SO4 so-
lutions. This oxidation procedure was necessary in order to
perform the PL measurements in air without a significant
degradation over time, although the oxidation treatment
somewhat reduced the degree of their PL anisotropy.32
PL measurements were performed at room temperature
in an ambient atmosphere. The PSi samples were excited by
a linearly polarized, 410-nm laser beam from a blue-violet
laser diode. Their PL spectra were obtained by using a fiber-
optic spectrometer (Ocean Optics USB2000) with a spectral
resolution of about 4 nm. To measure the degree of the linear
polarization, a film analyzer was inserted between the PSi
sample and the spectrometer. The degree of polarization P
was then obtained by P= sIi − I’d / sIi + I’d, where Ii and I’
are the PL intensity components polarized parallel and per-
26,29,31–34pendicular to Eexc, respectively.III. RESULTS AND DISCUSSION
Figure 1 shows the unpolarized PL spectra of the two
PSi samples prepared under the same conditions, except that
for one sample (designated as “photoelectrochemically
etched”), polarized illumination was performed during the
electrochemical etching, whereas for the other sample (des-
ignated as “photochemically etched”), it was done after the
electrochemical etching. Although there is some difference in
intensity, these two samples exhibit similar PL spectra. Note
that these PSi layers are thin enough for interference fringes
to appear. Indeed, we evaluated the refractive-index aniso-
tropy based on these interference fringes as described in the
following discussion.
These two PSi samples, however, exhibit remarkably
different polarization properties of PL. In Fig. 2, we show
the results of the PL anisotropy measurements for the photo-
chemically etched sample (a) and the photoelectrochemically
etched sample (b). In this figure, the degree of linear polar-
ization P is plotted as a function of the angle of Eexc to Eetch
for several emission photon energies. The photochemically
etched sample shown in Fig. 2(a) shows only a small varia-
tion of P as a function of the direction of Eexc. The small
maxima appearing in the four equivalent k011l directions
originate from the electrochemical oxidation treatment and
not from the polarized illumination, as reported
previously.34,36 The photoelectrochemically etched sample in
Fig. 2(b) shows significant anisotropy, giving the largest val-
ues of P when Eexc is parallel to Eetch. These results are
basically the same as those obtained for the thick PSi
samples.32–34
In the present study, we have observed another distinct
effect of the polarized photoelectrochemical etching. Figure
3 shows the variation of P as a function of the emission
photon energy for the three different directions of Eexc. In the
photoelectrochemically etched sample shown in Fig. 3(b),
there appears a prominent sinusoidal variation of P under the
i
FIG. 1. Unpolarized PL spectra of two PSi samples. The sample denoted
“photoelectrochemically etched” was made by anodic etching at
10 mA/cm2 for 30 min under polarized illumination, followed by electro-
chemical oxidation for a period of 14 min. The other sample denoted “pho-
tochemically etched” was made under the same conditions, except that it
was etched in the dark and then illuminated with the polarized light for
30 min under open-circuit conditions.condition of Eexc Eetch (u=0°, where u is the angle of Eexc to
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Eexc’Eetch su=90°d, although the positions of maxima and
minima are largely shifted. The sinusoidal variation dimin-
ishes when Eexc is at an angle of 45° to Eetch. In contrast, the
photochemically etched sample in Fig. 3(a) does not show
such variations for any direction of Eexc.
The sinusoidal variation in P can be fully explained by
assuming that a significant in-plane refractive-index aniso-
tropy is present in the photoelectrochemically etched PSi
layer and that the directions of maximum and minimum in-
dices are determined by the direction of Eetch. As schemati-
cally shown in Fig. 4(a), in the case of EexciEetch su=0°d,
the polarization directions of Ii and I’ are parallel and per-
pendicular to Eetch, respectively. Thus, the refractive indices
for Ii and I’ are different, which results in a phase shift in
their spectra. The values of P, calculated by P= sIi − I’d / sIi
+ I’d, then show a sinusoidal variation as a function of the
emission photon energy. In the case of Eexc’Eetch su=90°d,
as shown in Fig. 4(c), a similar sinusoidal variation appears
in P, but the positions for maxima and minima are shifted
from those of Fig. 4(a), because the refractive indices for Ii
and I’ are interchanged. In the intermediate case, i.e., when
Eexc is at an angle of 45° to Eetch, the (effective) refractive
FIG. 2. Degree of linear polarization P in PL obtained from the photochemi-
cally etched sample (a) and the photoelectrochemically etched sample (b) of
Fig. 1. The values of P for several emission photon energies are plotted as a
function of the angle of Eexc to Eetch.indices for Ii and I’ are identical. Thus, no phase shift ap-pears between Ii and I’ as a function of the emission photon
energy, and the sinusoidal variation of P is minimized.
To examine the in-plane birefringence quantitatively, we
first evaluated the ratio of ni /n’ where ni and n’ are the
refractive indices for the polarization directions parallel and
pependicular to Eetch. This was done by carefully computing
FIG. 3. Degree of linear polarization P in PL as a function of the emission
photon energy in the photochemically etched (a) and the photoelectrochemi-
cally etched (b) PSi samples of Fig. 1. The two solid lines show the data
obtained when Eexc was at angles of 0° and 45° to Eetch, and the dashed line
shows the data obtained when Eexc was at 90° to Eetch.
FIG. 4. Schematic diagrams explaining why sinusoidal variations are ob-
served in the data of P vs photon energy for birefringent PSi layers. The
circles represent the PSi samples, and the arrows in the circles represent the
polarization directions of the two orthogonally polarized emission compo-
nents Ii and I’ for three different experimental configurations of u=0° (a),
45° (b), and 90° (c).
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spectra (i.e., spectra of Ii and I’) measured under the condi-
tions of u=0°, 90°, 180°, and 270°. Then we calculated the
degree of the birefringence by
Dn
n
=
ni − n’
sni + n’d/2
=
2sni/n’ - 1d
ni/n’ + 1
for the four photoelectrochemically etched PSi samples pre-
pared under different conditions. The results of these calcu-
lations are summarized in Table I. Values ranging from 0.1%
to 0.67% are obtained for the magnitude of Dn /n. Although
these values are less than those reported for the PSi layers
made on highly doped (110) wafers,28 they are still compa-
rable to the data reported for quartz.37 Values of the average
refractive index n and the index difference Dn are not shown
in the table because the PSi layer thickness d was not known.
However, we can calculate the optical-thickness difference
Dnd from the frequencies of the interference fringes. The
largest absolute value of Dnd, which is obtained in sample 3,
is about 0.1 mm.
It should be noted that all the values of Dn /n obtained in
this study are negative. In other words, ni (index for polar-
ization parallel to Eetch) is always smaller than n’ (index for
polarization perpendicular to Eetch). This makes a clear con-
trast to the PL anisotropy, where the emission component
polarized parallel to Eetch always shows a higher degree of
linear polarization than that polarized perpendicular to Eetch
[see Fig. 2(b)]. These observations, however, are found to be
consistent with each other according to the model presented
in our previous paper.33 In the model, it is assumed that there
are many quasilinear portions of Si-nanocrystal assemblies
oriented in various directions in a PSi layer, each of which
emits light polarized in the direction of its orientation. In this
system, linearly polarized light is most effectively absorbed
by those assemblies oriented parallel to the direction of its
polarization. Photoelectrochemical etching with linearly po-
larized light thus works more effectively on those structures
oriented parallel to Eetch, making them thinner than the oth-
ers, as schematically shown in Fig. 5. These structures are
thinned but do not break, because the photoelectrochemical
etching process requires a sufficient current to flow in these
structures. Polarized photochemical etching, on the other
hand, is thought to break many of these structures, resulting
in a different behavior for the PL anisotropy (see Ref. 33 for
details).
In the photoelectrochemically etched PSi layers, PL
should be governed by those structures oriented parallel to
TABLE I. Values for the degree of the in-plane birefringence-Dn /n in the
four photoelectrochemically etched PSi samples.
Sample
no.
Etching current
density smA/cm2d
Etching
time smind
Oxidation
time smind Dn / n
1 5 30 12 −0.42
2 10 30 14 −0.45
3 10 30 18.5 −0.67
4 30 10 10.5 −0.10Eetch because of their higher oscillation strengths, originatingfrom their reduced dimensions. Thus, it is easily supposed
that a maximum degree of linear polarization is obtained
when Eexc is parallel to Eetch, as shown in Fig. 2(b). On the
contrary, the Kramers-Kronig relationships37 predict that the
refractive index is controlled by the larger structures with
higher absorption coefficients. In a photoelectrochemically
etched PSi layer, the larger structures are oriented perpen-
dicular to Eetch and subjected to a less significant etching. As
a result, the higher and lower refractive indices are obtained
for the polarizations perpendicular and parallel to Eetch, re-
spectively, which gives a negative value for Dn /n.
The anisotropic PSi layers formed on (110) wafers ex-
hibit both the largest refractive index and a maximum value
of P for the same polarization direction, i.e., for the light
polarized parallel to the [001] direction.28,29 This is because
in these PSi layers, the anisotropy originates not from the
orientation dependence of the size but from the orientation
dependence of the configurations of the Si-nanocrystal as-
semblies. The fact that larger values of Dn /n are reported in
these PSi layers may also be a result of the latter mechanism.
However, as mentioned earlier, anisotropic PSi layers of this
type can only be formed on single-crystal wafers with some
specific orientations.
IV. CONCLUSION
We have made PSi layers by photoelectrochemical etch-
ing with polarized illumination. The PSi samples used in the
present study are thin enough for interference fringes to ap-
pear in their PL spectra. It is observed that the degree of the
linear polarization in the PL shows a sinusoidal variation as a
function of the emission photon energy. The amplitude of the
sinusoidal variation depends largely on the angle of Eexc to
Eetch being maximized when Eexc is parallel or perpendicular
to Eetch and minimized when Eexc is at 45° to Eetch. The
sinusoidal variation also shows a large phase shift as the
direction of Eexc is changed. These results give strong evi-
dence that there is a significant in-plane anisotropy of the
refractive indices in these PSi layers. Values ranging from
0.1% to 0.67% have been obtained for the magnitude of the
birefringence by carefully analyzing the interference fringes
in the polarized PL spectra. The index anisotropy is such that
a larger refractive index is obtained for light polarized per-
pendicular to Eetch. This makes a clear contrast to the results
of PL anisotropy measurements, where we find a maximum
degree of linear polarization for Eexc oriented parallel to
Eetch. These observations can be explained by assuming that
FIG. 5. Schematic illustrations representing quasilinear assemblies of Si
nanocrystals in a photoelectrochemically etched PSi sample. Only those
assemblies oriented perpendicular (a) and parallel (b) to Eetch are shown.relatively thin Si structures are formed in the direction par-
3720 J. Appl. Phys., Vol. 96, No. 7, 1 October 2004 H. Koyamaallel to Eetch. These thinned structures dominate the PL and
determine the direction of the PL anisotropy. The refractive-
index anisotropy, on the other hand, is governed by Si struc-
tures of larger dimensions, which in this case are thought to
be present preferentially in the direction perpendicular to
Eetch.
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